Microstructures and strength of variously heat treated eutectoid steel were evaluated by magnetic property measurements. Isothermal transformation, continuous cooling or spheroidization heat treatment was performed to produce various microstructures. Microstructural parameters (phase, pearlite interlamellar spacing), mechanical properties (fracture strength) and magnetic parameters (coercivity, remanence, hysteresis loss, saturation magnetization) were measured to investigate the relationships among these parameters. Coercivity and remanence were observed to be high in order of martensite, pearlite and ferrite phase. The linear decrease of coercivity and remanence with the interlamellar spacing and the linear increase of those with fracture strength of pearlitic eutectoid steel were found. Coercivity and remanence were suggested as potential magnetic parameters for discriminating phases and quantitatively assessing the pearlite interlamellar spacing as well as strength of eutectoid steel.
Introduction
It is very important for steel industries to reduce production costs and to produce high quality materials. Recently, the automation of production process and the strict quality control are required to obtain reproducible microstructures and dependable mechanical properties of steel products. Usual microstructure evaluations of final products have been performed in a destructive way by cutting, polishing and using microscopical observation, which is time-consuming, laborious and selective. There are increasing needs to introduce nondestructive evaluation techniques for better time saving and economic quality control of steel products. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Magnetic, [1] [2] [3] [4] [5] [6] [7] [8] Barkhausen noise, [9] [10] [11] [12] ultrasonic 13) and electrical resistivity 14) methods have been applied to evaluate material properties nondestructively. Magnetic method, by which correlations between material properties and magnetic parameters such as coercivity, remanence, hysteresis loss and saturation magnetization can be obtained, is applicable to various kinds of ferromagnetic steels. Jiles 4) has investigated the effects of microstructure and carbon content on magnetic properties of plain carbon steel and reported that grain size is not the dominant factor to determine magnetic properties once the carbon content increases beyond 0.2 mass%. Altpeter 11) has reported the increase of coercivity with increasing cementite volume fraction depending on the amount of carbon in his research on nondestructive evaluation of cementite content in steel and cast iron by coercivity and Barkhausen noise. Although the previous researchers have reported the effects of grain size, 1, 4) carbon content, 4, 11) applied stress 1, 7) and plastic deformation 5, 6, 15) on magnetic properties in steels, the quantitative correlation among magnetic parameters, microstructure and strength is still lacking.
Eutectoid steel can have martensite, pearlite or ferrite phase depending on specific heat treatment condition. Pearlitic eutectoid steel is used for wheels and railway requiring good strength and wear resistance. Mechanical properties of pearlitic steels are known to depend strongly on the interlamellar spacing of pearlite. [16] [17] [18] Various heat treatment processes have been applied to obtain desirable pearlite interlamellar spacing and mechanical strength of steels. In this research, an attempt was made to obtain the quantitative correlations among microstructure, strength and magnetic properties of variously heat treated eutectoid steel. Eutectoid steel was isothermally transformed, continuously cooled or spheroidized to produce a wide range of microstructures. Microstructural parameters (phase, pearlite interlamellar spacing), strength and magnetic parameters (coercivity, remanence, hysteresis loss, saturation magnetization) were measured to investigate the relationships among them.
Experimental Procedures

Material and heat treatment
A commercial 25 mm thick plate specimen with the chemical composition of C: 0.855, Si: 0.21, Mn: 0.51, P: 0.01, S: 0.006 in mass% was used for this study. Isothermal transformation, continuous cooling or spheroidization heat treatment was performed to prepare the specimens with different phases (martensite, pearlite, ferrite) and with different pearlite interlamellar spacings as summarized in Table 1 . Martensite phase was produced by water quenching. Isothermal transformation or continuous cooling (air and furnace cooling) heat treatment was performed to produce pearlite with various lamellar spacings. And then some of these specimens were spheroidization heat treated at 973 K for 150 h, 2) which was sufficient to fully spheroidize cementites, to produce ferrite phase. Different austenitizing temperatures at 1123 K, 1223 K, 1323 K and 1423 K were denoted as A, B, C and D, respectively. Subsequent isothermal transformation temperatures at 873 K, 923 K and 973 K were denoted as 1, 2 and 3, respectively. Water quenching, air cooling and furnace cooling after heat treatments were denoted as WQ, air and fur, respectively. The letters, sph, mean spheroidization heat treatment in Table 1 . The average minimum interlamellar spacing was obtained using the Underwood method, 19) by which true interlamellar spacing could be measured. Tensile test was performed to obtain a stress-strain curve using the ASTM subsize specimen under the constant initial strain rate of 1 Â 10 À4 s À1 , from which the fracture strength was determined.
The magnetic hysteresis curves were obtained from a cylindrical sample ( 3.5 mm Â 7 mm) using a vibrating sample magnetometer (VSM), from which magnetic coercivity, remanence, hysteresis loss and saturation magnetization were determined. Hysteresis curves were obtained five times for each specimen, and error ranges were under 0.02 kAm À1 and 10 À4 T (tesla) for coercivity and remanence, respectively. Table 2 , in which M, P and F mean martensite, pearlite and ferrite, respectively.
Both specimens isothermally transformed and continuously cooled had pearlite with different interlamellar spacing ranging from 0.102 to 0.213 mm. Pearlite interlamellar spacing increased with increasing isothermal transformation temperature (C-1, C-2, C-3) or with slowing cooling rate (Aair, A-fur/C-air, C-fur). All the spheroidization heat treated specimens consisted of ferrite matrix with globular cementite particles, although the distributions of cementites differed slightly from one specimen to another. All the water quenched specimens had martensite. The fracture strength shown in Table 2 decreased linearly with interlamellar spacing of pearlitic steel. It is well known that the strength of pearlitic steel is mainly dependant on the interlamellar spacing, and that it is insensitive to the size of austenite grain or pearlite nodule, 17, 18) which agrees well with present results. Figure 2 (a) shows the change of coercivity with heat treatment conditions. Water quenched specimens (2:70 $ 2:75 kAm À1 ) had much higher coercivity than isothermally transformed or continuously cooled ones (1:63 $ 1:88 kAm À1 ). Spheroidized specimens had the low- . Water quenched, isothermally transformed or continuously cooled and spheroidized specimens had martensite, pearlite and ferrite phases, respectively, as noted in Table 2 . Therefore, the result shown in Fig. 2(a) means that the coercivity is high in order of martensite, pearlite and ferrite phase.
Change of magnetic properties with heat treatment conditions
Coercivity is the additional magnetic field required to move the magnetic domain walls pinned, and the degree of hindrance to wall motion determines the magnitude of magnetic coercivity. 20) It is known that residual stress field or microstructural defects such as precipitates, inclusions, grain boundaries and dislocations in materials can hinder magnetic domain wall movement and thus increase coercivity. 21) According to the results of the studies on the relation between grain size and magnetic properties, the grain size affects the magnetic properties in ultra low carbon steels (Sakamoto et al., 12) Yamaura et al., 22) Gatelier-Rother et al. 23) and Tiitto 24) ). On the other hand, it affects the magnetic properties little in steels containing more than 0.2 mass% of carbon (Kwun and Burkhardt, 1) Jiles 4) and Nakai et al.
9)
) because large amount of carbide particles play a more dominant role than grain boundaries in determining the magnetic properties. Therefore, the difference in grain size between variously heat treated specimens in 0.85 mass% carbon eutectoid steel used in this investigation can be assumed to have little effect on the measured magnetic properties.
Typical martensite phase of eutectoid steel consists of laths and plates, in which the dislocation density is very high, to the order of 10 16 /m 2 .
25) The dislocations give rise to stress field around the dislocation lines, by which magnetic domains are pinned. 26) In this respect, the high coercivity in martensite phase is thought to result mainly from the stress field due to dislocations in martensite laths and plates. Supersaturated interstitial carbon atoms, which bring about lattice stain, also might be a cause of domain pinning and hence high coercivity. Even though it is not clear which boundaries (lath boundary, block boundary, packet boundary) pin domain wall, considering the Moorthy et al.'s report 27) that the lath boundaries pin domain wall in quenched and tempered 0.2 mass% carbon steel, very fine subboundaries inside martensite phase could also pin domain wall to some extent.
Coercivity of spheroidized specimens consisting of ferrite matrix with globular cementite particles seems to arise mainly from the pinning of domain walls to cementite particles. In our previous research 2) on the effect of spheroidization heat treatment time on the magnetic properties of 0.45 mass% carbon steel, little change was observed in coercivity despite of the change of the distribution or the degree of spheroidization of fragmented cementite particles. Therefore, the slight difference in the distribution of cementites can be assumed to have little effect on the measured coercivity. On the other hand, considering that pearlitic specimens have higher coercivity than ferritic (spheroidized) ones, lamellar cementites seem to pin the domain walls more strongly than globular ones. Figure 2(b) shows the change of remanence with heat Fig. 2(b) with coercivity means that remanence is high in order of martensite, pearlite and ferrite phase. Remanence is the magnetization remaining within the sample after an external magnetic field is eliminated. The mechanism for the different levels of remanence in each phase observed in this investigation has yet to be resolved.
Change of magnetic hysteresis loss with heat treatment conditions is shown in Fig. 2(c) . Magnetic hysteresis loss of water quenched specimens (20:80 $ 22:06 kJm À3 ) was higher than that of isothermally transformed, or continuously cooled (13:82 $ 18:68 kJm À3 ) or spheroidized ones (14:44 $ 16:09 kJm À3 ), although the difference among three phases was not distinct compared to the changes of coercivity or remanence. Figure 2(d) shows the change of saturation magnetization with heat treatment conditions. Saturation magnetization was observed to change little regardless of heat treatment conditions and it seemed not to be much affected by the microstructural changes by heat treatment conditions. Coercivity and remanence changed a large amount with different phases (martensite, pearlite, ferrite). Therefore, the two magnetic evaluation parameters can be utilized to discriminate phases of steel products.
Correlations of magnetic properties with interlam-
ellar spacing and strength of pearlitic steel Pearlitic specimens had a wide range of coercivity as already shown in Fig. 2(a) , which seemed to be related to the different interlamellar spacings resulted from various heat treatment conditions. Figure 3(a) shows the changes of coercivity and remanence as a function of the interlamellar spacing. Both parameters decreased linearly with increasing the interlamellar spacing. In other words, coercivity and remanence were higher as the interlamellar spacing was narrower.
Lo et al. 10) and Hetherington et al. 28) observed the magnetic domain walls in pearlitic steel by Lorenz microscopy and reported that they tended to be pinned against cementite lamellae. The pinning of domain walls to cementite lamellae is thought to be due to the residual stress field 29) arising between ferrite matrix and mismatched cementite lamellar. Narrower interlamellar spacing means more interfaces between these two phases, and hence higher probability to hinder the magnetic domain wall movement (higher coercivity). From the results of linear regression analysis, the correlations of coercivity and remanence with interlamellar spacing can be formulated as eqs. (1) and (2), respectively.
where, H c , M r and S are coercivity (kAm À1 ), remanence (10 À3 T) and interlamellar spacing (mm), respectively. Figure 3(b) shows the change of hysteresis loss and saturation magnetization with pearlite interlamellar spacing. Hysteresis loss seems not to be a very effective magnetic parameter due to insufficient correlation (correlation coefficient of 0.82), although a decreasing tendency was observed with increasing the interlamellar spacing. Figure 4 shows the correlations of magnetic coercivity and remanence with fracture strength. It can be seen that there exist linear correlations between magnetic parameters (coercivity, remanence) and fracture strength. From the results of the linear regression analysis, the correlations between them are formulated as eqs. (3) and (4), respectively.
where, FS is the fracture strength in unit of MPa and the correlation coefficient is 0.93.
where, the correlation coefficient is 0.94. The above equations imply that the strength of pearlitic eutectoid steel with a variety of interlamellar spacing can be evaluated by measuring magnetic coercivity or remanence, although more experimental data seem to be needed to enhance statistical reliability of the correlations.
Both the mechanical strength and the magnetic coercivity of pearlitic steel become higher as the interlamellar spacing is narrower. Coercivity seems to have a good linear correlation with fracture strength as the measured coercivity reflects the change of interlamellar spacing which mainly determines the strength of pearlitic steel. Therefore, coercivity and remanence were suggested as potential magnetic evaluation parameters to assess the interlamellar spacing and fracture strength of pearlitic eutectoid steel instead of time-consuming metallographic and mechanical tests.
Summary and Conclusion
From the research to evaluate the microstructure and strength of variously heat treated eutectoid steel by magnetic property measurements, the following conclusions were drawn:
(1) Coercivity and remanence were observed to be high in order of martensite, pearlite and ferrite phase.
(2) Coercivity and remanence decreased linearly with increasing interlamellar spacing of pearlitic eutectoid steel.
(3) Quantitative linear correlations were obtained between fracture strength of pearlitic steel with coercivity and remanence, respectively. Coercivity and remanence are suggested as potential magnetic parameters to be able to discriminate phases. They can also be used to assess quantitatively the pearlite interlamellar spacing and the strength of eutectoid steel. 
